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Overview
 

Timeline	 Barriers Addressed 
•	 Start Date Oct 2016 • Inadequate Li-ion battery energy density,
•	 End Date: October 2020 cycle life and rate

•	 High cost of electrode materials
Budget 

•	 Total budget (4 years): $1,300K
•	 FY16 funding $350K

Partners/Collaborations within the VT program 
•	 Project lead: Vince Battaglia (LBNL)
•	 Vince Battaglia (LBNL), Robert Kostecki (LBNL), Guoying Chen (LBNL) and

Gerbrand Ceder (UCB): understanding degradation mechanisms in Li-excess
materials and optimizing Li ion electrolytes

Peer Review, Washington 2017 



  

 
      

 
 

 
 

  
 

Relevance
 

The Li-excess cathode materials 
exhibit more than 200 mAh/g initial 
capacity but also insufficient cycling 
performance, voltage fade, and long-
time structural degradation 

Ceder et al, Nat Chem 8 692 (2016), Persson
 
et al Adv. Energy Mater. 2014, 4, 1400498 Meng et al., EES 4, 2223 (2011)
 

Objectives: 
•	 Understanding the degradation mechanisms related to the release of surface oxygen of

target cathodes as a function of charge
•	 Suggesting surface protection procedures based on first-principles investigations

Relevance: 
•	 To investigate synthesis and post-synthesis processes (doping, coatings) possible to

increase the stability of the material
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Milestones
Month Year Milestone Status

October 2016 Provide matrix of surface 
candidate dopants based on 
literature search and practical 
considerations 

Complete

Benchmark calculations of 
amorphous coating materials 
i.e. Al2O3/SiO2

Complete

June 2017 Present first screening of 
surface dopants

Complete

September 2017 Go/No-Go: Stop this 
approach if facet stabilization 
can not be achieved. 

Ongoing
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Approach (1)
Li2MnO3 crystal structure

Mn-layer

Li-layer

Both Mn/Li in 
octahedral 
sites

• Li2MnO3 is taken as a model worst-case
scenario of the Li-excess, Mn-rich 
materials. 

• Bulk calculations showed that Li
mobility is excellent in pristine
material. However, bulk Mn migration 
and surface oxygen loss will both 
contribute to impeded transport and 
voltage/capacity degradation. 

Li and Mn-rich compositions yield high 
capacity but correlates with the chemical and 
structural degradation of Li excess materials. 
During previous years, the origin of the 
degradation was elucidated and now 
mitigation strategies are explored

Y. Shin, H. Ding and K. A. Persson, Chem. Mater., 2016, 28 (7), pp 2081–2088 and Y 
Shin and K. A. Persson ACS Appl. Mater. Interfaces, 2016, 8 (38), pp 25595–25602
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Approach (2)
All LixMnO3 surfaces were found to exhibit a thermodynamic driving force for oxygen 
release at Li concentrations < 1.7. To mitigate oxygen release, Li-excess cathodes may 
be protected through post-synthesis processes such as surface doping or coating. 

Surface Doping Amorphous CoatingPristine Surface
• Surface doping can be
an effective approach to 
protect the surface from 
spontaneous oxygen 
evolution without 
impeding the Li mobility

• Surface coatings that
possess an amorphous 
morphology lack grain 
boundaries can enable 
oxygen retention through 
limited oxygen mobility 
and enhanced stability



  

 

    

 

  

  

 

 

 

Technical Accomplishments (1) 
Bulk Property 
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• Intra-layer Li migration has
similar behavior and activation 
barriers as LiCoO2

• Extremely favorable inter-layer
Li-ion migration activated by di-
vacancies 
• Mn migration into Li-layer
degrades inter-layer mobility 

The pristine LixMnO3 (1 ≤ x ≤ 2) material 
exhibits excellent Li mobility enabling 
facile Li extraction from both the 
transition metal layer and Li-layer. 

Y. Shin, H. Ding and K. A. Persson, Chem. Mater., 2016, 28 (7), pp 2081–2088 
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Technical Accomplishments (2) 

Low Miller index Wulff shape of Li2MnO3 Oxygen release energies on each surfaces 
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Li concentration 
Kim et al ChemSusChem ­	 Exp.: Oxygen evolution initiates at 19% of Li extraction 

Meng et al., EES 4, 2223 (2011) 2015, 8, 3255 – 3262 (i.e., Li1.63MnO3)

• Calculated Wulff shape shows that dominant surfaces are (001), (110), and (010).  Experiments
show evidence of both (001) and (010) layered surface facets. 
• All surface facets are predicted to lose oxygen past x = 1.7. The (011) surface exhibits the
best oxygen retention as a function of Li loss. Y Shin and K. A. Persson ACS Appl. Mater. Interfaces, 2016, 8 (38), pp 25595–25602
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Technical Accomplishments (3) 
Computational surface dopant screening includes 1) dopant segregation, 2) defect formation, 
and 3) oxygen evolution. 

Dopant Segregation Defect Formation Oxygen Evolution 


Investigate the defect 
position preference 
between bulk and each 
surface for given dopant 

Represent the surface 
defect formation energy 
above the convex hull 

+=ED 
S - -ES - += -
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Calculate the oxygen 
evolution on each 
surface facet 

EO = 
~ 

+ -



  

    

     

Technical Accomplishments (1) 

• The surface doping elements exploration includes all transition metals, post-transition metals,
and metalloids. 
• All possible low miller index surfaces are examined
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Technical Accomplishments (3) 
Dopant Segregations
­

• ­ Dopant segregation energy depends on the specific surface facet.
• ­ Elements with strong surface segregation energy for all facets (outlined in blue) are

good candidates as dopant will preferentially segregate to the surface of the material. 
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Technical Accomplishments (4)
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Surface dopant concentration will compete with creation of secondary impurity phases during 
synthesis. Hence, we screen on the surface defect formation energy (ED

S). 
• Defect dopant formation energy is dependent on the specific surface facet.
• Lower formation energy is favorable ; focus on framed elements
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Technical Accomplishments (5) 
Taking the union of elements which 

i.	­ preferentially segregate to the surface (rather than the 
bulk) of a Li-excess Mn-rich layered oxide 

ii.	­ are less likely to form secondary impurity phases
­

Os, Sb, Ti, Ru, Ir, Fe, Ta, Nb, Cr, Al
­
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Technical Accomplishments (6)

Oxygen Evolution 

Select dopant elements that exhibit large oxygen retention energy (positive energy: yellow bar) 
*PI Guoying Chen is experimentally verifying the surface doping driven oxygen protection using
Ta doping Li1.3Nb0.3Mn0.4O2 surfaces. 

△EO

ΔEO = EO(Doped) - EO(Pristine)~ ~ ~ 
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Technical Accomplishments (7) 
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Overlapping, strong hybridization 
between the oxygen p-orbitals 
(dashed line) and the surface 
defect d-orbitals (red line) 
preventing spontaneous oxygen 
evolution. 

Non-overlapping, de-hybridized 
oxygen p-orbitals (dashed line) 
and surface defect d-orbitals 
(blue line) explains less surface 
oxygen retention effect 
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Summary 
• To enhance the performance of Li-ion systems, improvements on the cathode and the 
electrolyte side are needed. This project is aimed to result in an improved 
understanding of the atomistic mechanisms underlying the surface behavior and 
performance of the Li-ion cathode materials with the ultimate goal being to suggest 
strategies, such as coatings, surface protection and particle morphology design. 

Using first principles modeling on Li-excess, Mn-rich cathode materials;  we have 
established that: 
•	­ The pristine material exhibits excellent Li mobility enabling facile Li extraction from both the 

transition metal layer and Li-layer. 
• All low miller index surfaces of LixMnO3 exhibit spontaneous oxygen evolution during charge (for 

x < 1.7) pointing to a likely culprit for materials degradation and increased impedance. 
• Surface dopants are investigated to increase oxygen retention. The candidate dopants are 

screened by ranking on i) surface preference, ii) surface defect formation energy, and iii) oxygen 
evolution. 

• Favorable elements are found to be Nb, Ru, Ir, Sb, Os and Ta ; all preferentially occupying the 
surface rather than the bulk, having low surface defect formation energies and improved oxygen 
retention. 
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Future Work 

We will continue the study of the layered Li excess materials by 

• Finalizing the investigation of surface doping elements and coordinating with PI 
Guoying Chen on the synthesis and testing of oxygen protection on Li-excess 
cathode surfaces. 

• Screening and investigation of the amorphous coating materials. 

Any proposed future work is subject to change based on funding levels. 
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Collaborations 

Ongoing collaborative investigation with Guoying Chen (LBNL) on adding select 
dopants to cathode formulations and investigating its effect on oxygen retention 
and cathode performance. 

Fruitful discussions with Gerbrand Ceder (UCB) on understanding degradation 
mechanisms in Li-excess materials are gratefully acknowledged. 
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Most Recent Reviewer Comments (2015)


Representative (select) 2015 Review comments: 
The project is shedding light on the stability and potential improvements that can be introduced into 
high capacity cathode powders. That, the reviewer continued, is very related to petroleum 
displacement, as it will enable higher capacity batteries. 
…it will be interesting to know additional details of the redox process involving oxygen. The new
edge path proposed for Mn4+ migration is a nice accomplishment that can be used for the design 
of high-capacity materials. 

Response: we thank the reviewers for the positive reviews. Most of the suggestions related to 
elucidating the process of oxygen release, which has indeed been a focus of 2016. 

The project team have produced extensive results on the cycling of the Li2MnO3 active material, the 
reviewer noted. 

Excellent collaborations and synergies with other DOE laboratories and industry were noted by this 
reviewer. Peer Review, Washington 2017




